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Abstract 
 The Chrysoperla carnea-group of green lacewings is a cryptic species complex. Species 
within the group are morphologically similar, yet isolated from one another via reproductive 
mating song. Chrysoperla zastrowi, a species within the carnea-group, is currently described 
with a distribution ranging from South Africa to the Middle East and India. However, recent 
collections of carnea-group lacewings from Guatemala and California were preliminarily 
identified as Chrysoperla zastrowi based upon similarities in their vibrational courtship songs. 
This analysis aims to place six specimens, collected by collaborators in Guatemala, Armenia, 
Iran, and California, into a pre-existing phylogeny of the Chrysoperla carnea-group, to confirm 
the range expansion of this species into the Western Hemisphere (the New World). 
 The approach to identifying these specimens was multi-faceted, including a DNA 
analysis as well as the use of morphological and vibrational song data. Sanger sequencing of four 
fast-evolving mitochondrial genes (COI, COII, ND2, and ND5) was performed on these 
specimens. The phylogenetic analysis places all of the California-collected specimens with 
Chrysoperla zastrowi, as does an examination of other critical features including the morphology 
of the tarsal claw and the acoustical characteristics of the vibrational songs. The placement of the 
Guatemala-collected individuals is less straightforward, possible reasons for which can be found 
in the Results and Discussion section.  
 In addition, this thesis considers the utility of various methods in elucidating a cryptic 
species complex, as well as the relative benefits of executing a phylogenetic analysis using 
mitochondrial genes.  
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Introduction 
1 Cryptic Speciation 
 Cryptic species are two or more distinct species that appear morphologically very similar. 
Since these species are difficult to distinguish, they are often classified as a single species until 
close taxonomic review is complete. The existence of cryptic species can be revealed by 
experiments that test for reproductive isolation, variable morphological traits that were not 
immediately apparent, and DNA. The most powerful tool for differentiating cryptic species is 
DNA sequencing which, when combined with geographic or behavioral data, can make a strong 
case for the existence of cryptic species. When applicable, courtship songs often elucidate cryptic 
species complexes, especially in insects (Gleason and Ritchie 1998, Henry and Wells 2010, 
Mendelson and Shaw 2002).  
 There are many well-studied examples of cryptic speciation in insects. Ten species of the 
skipper butterfly Astraptes fulgerator were thought to be one before their DNA was barcoded in 
2004. Though the adults are seemingly identical, their distinctive larvae feed on different food 
plants (Hebert et al. 2004). Other well-studied examples of cryptic speciation in insects include 
Thraxon bee flies (Yeates and Lambkin 1998) and Oecanthus tree crickets (Walker 1963). 
 Identifying cryptic species is important for a number of reasons. Because the extent of 
cryptic speciation is still unknown, revealing cryptic species is essential for improving estimates 
of biodiversity. This is especially important for conservation work. If a threatened or endangered 
species is part of a cryptic species complex, conservation efforts will be vastly different for this 
group, which may have less species-level genetic diversity than previously thought (Bickford et 
al. 2006).  
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 Describing cryptic species is particularly critical for economically important species. 
Organisms used in biological control are routinely shipped across the globe for agricultural use. 
If cryptic species are not recognized in such a group, a nonnative species could be 
unintentionally introduced (Henry and Wells 2007, Tauber et al. 2000). 
 Studying cryptic species often gives a more comprehensive view of how species arise and 
persist, one that is closely tied to how the group is isolated through reproduction. Because of the 
biases of human observation, most species have historically been identified using visual 
characters. In reality, evolution is not limited to generating visible changes in organisms, and 
instead reflects the complex life history of the organism.  
 Cryptic speciation is often driven by non-visual mating signals (Bickford et al. 2006, 
Gleason and Ritchie 1998). These include sex pheromones and mating calls. Organisms that 
communicate through non-visual signals such as sound, vibration, pheromones, or electrical 
signals are very likely to contain cryptic species complexes (Bickford et al. 2006). In fact, it has 
been suggested that non-visual mating signals can drive speciation and evolution; courtship 
songs have been shown to evolve before sexual isolation and postmating isolation (Gleason and 
Ritchie 1998). In many cases, cryptic speciation by non-visual mating signals is accompanied by 
little genetic or morphological diversification among cryptic species. This suggests that either 
mating signals are evolving rapidly or morphological characters have been conserved in these 
groups (Wells and Henry 1998).  
 Clear examples of cryptic species complexes occurring in groups of insects with non-
visual mating signals include stoneflies (order Plecoptera), many groups within Orthoptera and 
Hemiptera, and Drosophila flies (Diptera) (Hertach et al. 2016; Stewart et al. 1988). 
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2 Cryptic Speciation in carnea-group Lacewings 
  
 Members of the family Chrysopidae are commonly known as green lacewings. This 
family includes the genus Chrysoperla, which houses a cryptic species complex called the 
Chrysoperla carnea species-group. Before mating, carnea-group males and females participate 
in an acoustic exchange. Low-frequency, substrate-borne vibrational signals are produced by 
both males and females. These signals vary between species and if an acceptable and matching 
signal is not produced, the male and female will not mate (Henry and Wells 2010). In nature, this 
behavior usually takes place on a leaf, plant stem, or conifer needle. The insect shakes the 
substrate through abdominal vibrations, a behavior called tremulation (Henry et al. 2002). As a 
result of this process, the cryptic species in the carnea-group are reproductively isolated by their 
vibrational signals (Henry and Wells 2010). 
 Since these signals differ significantly between species, they can be used to make 
species-level identifications. Though this is a cost-effective, relatively fast way to identify these 
cryptic species, few labs are set up for this type of analysis and few people have the expertise to 
analyze the results. Another way of differentiating between carnea-group species is through 
DNA sequencing. The advantage of this method is that individuals do not have to be alive and 
their behavior does not have to be observed and recorded. A DNA analysis can also reconstruct 
the evolutionary history of the study organisms while song data cannot.  
 Chrysoperla zastrowi is a species within the carnea-group. Its currently known 
distribution is limited to the Old World, with described populations across South Africa, the 
Indian subcontinent, and the Middle East (Henry et al. 2010). However, lacewings with a song 
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similar to known populations of C. zastrowi have very recently been collected in California and 
Guatemala, suggesting that the range of the species is larger than previously thought and quite 
possibly expanding. Although there have been thorough lacewing surveys in North and Central 
America in the past, C. zastrowi was never observed in these areas until very recently. This range 
expansion could be a result of human influence.  
 Chrysoperla zastrowi is further divided into two subspecies: Chrysoperla zastrowi sillemi 
and Chrysoperla zastrowi zastrowi. C. z. sillemi is found in the Middle East and Indian regions 
of the species range, while C. z. zastrowi is found in the South African region. Figure 1 shows 
the geographic distribution of both of these subspecies (Henry et al. 2010).  
3 Biological Control of Agricultural Pests 
 Several species of lacewing in the genus Chrysoperla are commercially available for the 
biological control of agricultural pests. Lacewing larvae are generalist predators of soft-bodied 
invertebrates and have been observed eating aphids, spider mites, thrips, whiteflies, leafhoppers, 
beetle larvae, eggs of some moths, mealybugs, and other arthropod pests (McEwan 2001). 
Lacewings are often released by both small-scale gardeners and large-scale farms to reduce 
populations of aphids and other pests. Carnea-group lacewings are commonly used for 
biological control. They are easy to mass-produce and low-cost artificial diets for adult 
lacewings make it inexpensive to rear them in large numbers.  
 Another factor that contributes to their utility in biological control is a resistance to 
common insecticides relative to other biological controls. A 1985 study found that C. carnea 
eggs are extremely tolerant of most tested pesticides and that other life stages are tolerant of 
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many pyrethroids, botanicals, fungicides, herbicides, acaricides, and chlordimeform (Grafton-
Cardwell and Hoy 1985). This makes C. carnea lacewings especially suited for integrated pest 
management, an agricultural practice where insecticides are combined with other pest control 
techniques to minimize pesticide use.  
 Lacewings are usually shipped from a biological control supplier (a commercial 
insectary) as eggs or larvae. Eggs should be distributed to the area that they are supposed to 
target once the larvae hatch. Larvae must be distributed quickly, as they are highly predaceous 
and will exhibit cannibalism. Lacewing eggs are generally shipped with a packing material 
(usually rice hulls or ground corn grit) that serves to separate hatching larvae to minimize 
cannibalism as well as make distribution easier.  
 Lacewing larvae can move up to 80 feet in search of their first larval meal and may travel 
6 or 7 miles during their larval stage (Debach and Rosen 1991). Adults also have a high dispersal 
radius. Providing adequate food can encourage them to stay in the intended area, which is less 
expensive than buying more lacewings for release.  
 The utility of using lacewings as a means of biological control is influenced by several 
factors, such as how many of the intended pests they actually eat and how quickly they disperse 
from the targeted area. These qualities may vary between carnea-group species and are 
dependent on the habitat and time of year, among other factors. A 2002 study of a site in 
Switzerland with three different carnea-group species found that habitat choice, flight activity, 
migratory behavior, and overwintering sites all differ between species (Henry and Wells 2007). 
Any of these qualities can influence the organism’s utility in biological control. A rigorous 
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understanding of species-level distinctions is important for optimizing both the number of pests 
targeted and the amount of time a released lacewing stays at a site before dispersing.  
4 Phylogenetic Analysis 
 A phylogeny can be used to understand the evolutionary relationships of a group of 
organisms. Phylogenies are typically constructed using molecular data, though morphological 
data can also be used.  
 When reconstructing a phylogeny, a substitution model must be chosen. This describes 
the rate at which different kinds of substitutions occur. Types of substitutions include transitions 
and transversions. A transition occurs when a purine base (adenine or guanine) changes to 
another purine base or a pyrimidine (cytosine or thymine) changes to another pyrimidine. A 
transversion occurs when a purine switches to a pyrimidine or vice versa. In the reality of 
molecular mechanisms, transitions occur more frequently than transversions because this shape 
is less disruptive to a molecule’s function.  
 The simplest of these models is the Jukes-Cantor model, which assumes that each type of 
substitution occurs at the same rate. The HKY model goes beyond this to combine two earlier 
models (by Kimura 1980 and Felsenstein 1981) to include separate parameters for transitions and 
transversions, as well as a parameter that considers the equilibrium frequency of the nucleotide. 
Another model is the GTR (generalized time reversible) model. This model allows for six types 
of substitution, between any two nucleotides, to occur at different rates.  
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Materials and Methods 
1 Phylogenetic Analysis using Mitochondrial Genes 
 At low taxonomic levels, recent divergence and radiations often fail to create much 
variation among genetic sequences. Differentiating the cryptic species within the carnea-group 
phylogenetically is difficult, and phylogenetic resolution is often poor. Past phylogenetic 
analyses suggest that species-level divergence in Chrysoperla is extremely recent, and that new 
species have proliferated at a very quick rate (Henry et al. 2002). Because mitochondrial genes 
evolve more rapidly than nuclear genes, phylogenetic analyses of the carnea-group using 
mitochondrial genes should be more successful than a phylogeny based on one or several nuclear 
genes.  
 Animal cells contain both a nuclear and mitochondrial genome. The two are highly 
independent and found in the nucleus and mitochondria, respectively. There are a number of 
advantages to using the mitochondrial genome for inferring a phylogeny. For one, mitochondrial 
genes are inherited clonally and maternally (Simon et al. 1994). Conversely, the nuclear genome 
is inherited from both parents, meaning that recombination occurs. Clonal inheritance prevents 
problems in phylogenetic reconstruction stemming from recombination, paralogy, and 
heterozygosity (Lin and Danforth 2003). Another benefit of using the mitochondrial genome is 
that it does not contain non-coding introns, which vary greatly among taxa and can make 
aligning nuclear sequences more challenging. Mitochondrial DNA is also found in a higher 
number of copies than nuclear DNA and is thus easy to extract, since there are multiple 
mitochondria but only one nucleus per cell (Zink and Barrowclough 2008).  
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 Though mitochondrial genes are generally fast-evolving, there are certain regions of the 
genes that are highly conserved. These conserved regions can be used as primers for a wide 
variety of species, even if previous information about their DNA sequence is unknown (Simon et 
al. 1994). The utility of these universal primers cannot be underestimated, especially since this 
may mean that there are pre-existing sequences from similar taxa that can be used for 
phylogenetic analysis.  
 Within the mitochondrial genome, different molecular sequences have different qualities 
related to their genetic function. Some sequence codes for proteins while others code for 
ribosomal RNA or transfer RNA (Simon et al. 1994). In the mitochondrial genome of most 
animal taxa, there are two ribosomal RNA genes, 22 transfer RNA genes, and 13 protein coding 
genes (Simon et al. 1994). It is important to consider which type of gene you are sequencing 
before attempting to reconstruct a phylogeny, as each of these has a unique mode of evolution 
dictated by its structure and function. For example, transfer RNA (tRNA) generally evolves more 
slowly than protein coding genes and ribosomal RNA (rRNA) typically evolves more slowly on 
average than either of the other two. Those qualities also vary when considering mitochondrial 
versus nuclear DNA; a mitochondrial tRNA gene is less constrained, and therefore evolves more 
quickly than a nuclear tRNA gene. Mitochondrial protein-coding genes generally have the 
highest overall rate of substitution (Springer et al. 2001). It is useful to consider a sequence’s rate 
of evolution along with the taxon of interest’s evolutionary history. If you are studying older 
taxa, it is more effective to examine a sequence that is more conserved (Simon et al. 1994).  
 When considering recently diverged taxa, it is important to look at nucleotide sites where 
substitutions accumulate quickly so that there will be a meaningful number of changes between 
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taxa (Simon et al. 1994). Mitochondrial genes are particularly useful for taxa like the carnea-
group that are recently diverged. This is because unconstrained sites in the protein-coding 
regions of mitochondria accumulate substitutions relatively quickly (Simon et al. 1994). The 
mitochondrial DNA of animals has generally been found to evolve rapidly (Brown et al. 1979).  
 There are also disadvantages to using mitochondrial genes to infer a phylogeny. It is 
common to get a conflicting phylogeny when examining mitochondrial versus nuclear genes. 
Since mitochondrial genes evolve more quickly (that is, they have high rates of substitution), 
their utility is limited when examining deeply diverged taxa. Generally, they should be avoided 
when looking at taxa that have diverged more than 5-10 million years ago (Lin and Danforth 
2003). Mitochondrial genes also tend to have a high A/T bias, meaning that a disproportionate 
amount of the nucleotide bases are adenine or thymine, especially in third codon positions (Lin 
and Danforth 2003). This leads to more homoplasy than would be expected with an unbiased 
base composition, meaning that there are fewer meaningful changes between taxa. Nuclear genes 
have been generally shown to have greater resolving power overall, but divergence time of the 
group of interest as well as the relative ease of sequencing mitochondrial genes should be 
considered (Lin and Danforth 2003). For closely related taxa, mitochondrial genes have many 
advantages over nuclear genes. Chief among them is their uniparental inheritance and faster rate 
of evolution which results in faster coalescence times and thus lower likelihood of lineage 
sorting due to random inheritance of ancestral polymorphisms. 
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2 DNA Extraction  
 Extraction of DNA is the first step in the sequencing process. First, the cell membrane is 
lysed to expose the DNA and cytoplasm. Lipids from the cell membrane and nucleus, proteins, 
and RNA are broken down. Then, a salt solution is added to precipitate the DNA, separating it 
from lipids, RNA, and broken proteins. The solution is then centrifuged to separate the DNA 
from the debris. Finally, DNA is purified from the debris, leaving only the extracted DNA.  
 The DNA extraction protocol for this experiment followed the Qiagen DNeasy® Blood & 
Tissue Kit Handbook. 
3 Polymerase Chain Reaction 
 The polymerase chain reaction (PCR) is used to clone targeted regions of DNA. This 
method is widely popular among biologists because it requires only small amounts of tissue and 
produces ample copies for sequencing (Simon et al. 1991).  
 The first step in a polymerase chain reaction is to identify a primer, a short piece of DNA 
which flanks the region of DNA that is to be cloned. A primer can usually be chosen by 
examining the DNA sequence of a close relative (Simon et al. 1991).  
 A PCR reaction mixture contains template DNA, two primers that are complementary to 
opposite strands, buffer, the four nucleotides, and Taq polymerase. Taq polymerase is a thermo-
stable polymerase enzyme that is able to withstand the high temperature of a PCR reaction 
without becoming denatured. This mixture is put through a series of temperature changes as 
follows. 
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 The first step in a PCR reaction is template denaturation. The reaction temperature is 
quickly raised to a temperature between 92 and 96 degrees Celsius and kept there between 15 
seconds and a minute. This causes the double stranded template DNA molecule to split into two 
complementary single strands.  
 The next step is to quickly drop the temperature to about 50 degrees Celsius. This causes 
the oligonucleotide primers to anneal to the DNA strands.  
 The third step in the reaction is to raise the temperature to between 72 and 74 degrees 
Celsius. This temperature is ideal for the Taq polymerase enzyme to add nucleotides to the DNA 
molecules. This temperature is maintained for about two minutes.  
 This process is repeated until the target number of molecules is reached, usually between 
25 and 40 cycles (Simon et al. 1991). The primers and cycling conditions used for this study, 
adapted from Henry et al. 2012, are found in Table 1.  
4 PCR Cleanup  
  
 PCR cleanup removes excess nucleotides and primers from PCR products, preparing it 
for sequencing. This protocol was adapted from the ExoSAP-IT™ PCR Product Cleanup Manual 
published by ThermoFisher Scientific. This technique uses two enzymes to remove unwanted 
PCR byproducts. Exonuclease I removes primers and Shrimp Alkaline Phosphatase removes 
dNTPs. ExoSAP-IT is taken out of the freezer and placed on ice. 2.5µL of PCR product is 
combined with 1µL of ExoSAP-IT for each tube of PCR product. The tubes are placed in a 
thermocycler and incubated at 37°C for 15 minutes and then 80°C for 15 minutes.  
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5 Sequencing 
 Sanger sequencing is currently the most popular method of sequencing DNA. It is also 
referred to as dideoxy or chain-terminating sequencing. Dideoxyribonucleic acids, called 
ddNTPs, are incorporated into a growing oligonucleotide chain by polymerase in the same 
manner as a deoxyribonucleic acid (dNTP). The ddNTPs are essentially identical to dNTPs, 
except that they lack a 3’-hydroxyl group. Since new dNTPs are added to the 3’-hydroxyl group, 
this property prevents the polymerase enzyme from extending the chain after a ddNTP is 
incorporated (Sanger et al. 1977). 
 A Sanger sequencing reaction mixture contains a primer, template, DNA polymerase, 
dNTPs and fluorescently labeled ddNTPs. First, the primer anneals to the template. Next, the 
reaction is heated to a temperature so that DNA polymerase adds dNTPs and ddNTPs to the 
strand. Since the ddNTPs are incorporated at random, the result of this incubation is a number of 
fragments at each possible length, all ending in a fluorescent ddNTP. DNA sequences can then be 
determined by electrophoresis. Since each of the four ddNTPs fluoresces at a different 
wavelength, every fragment length corresponds to a different nucleotide identity (Heather and 
Chain 2016).  
 In automated DNA sequencing, the sequences determined by electrophoresis are read 
directly into a computer. Electrophoresis occurs inside capillary tubes within the sequencing 
machine. The identity of each ddNTP is determined using a laser beam that detects the 
wavelength of the fluorescent label (Ansorge et al. 1986). Sequencing for this experiment was 
done by the Center for Genome Innovation at the University of Connecticut as well as at 
Eurofins. 
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6 Morphology 
 Morphological variation in the carnea-group is usually slight and inconsistent. Variable 
morphological characters in this group are as follows: tarsal claw morphology, color and extent 
of markings on the stipes, palps, gena, clypeus, frons and post-occipital region, color of 
abdominal sternal setae, abundance and distribution of black and blond setae on the pronotum, 
the extent to which the forewing is rounded or tapered at the apex, the relative width of the 
forewing to the breadth at the widest point, and presence or absence of black markings on wing 
veins (Henry et al. 2010). All of these characters have considerable overlap and mixing of 
character states (Price et al. 2015). The size of the basal dilation of the claw (Figure 2) is one of 
the few morphological characters that is consistently useful in distinguishing carnea-group 
species and is distinctively small in the zastrowi subspecies (Brooks 1994). This value is 
expressed as a ratio of the claw hook length to the length of the basal dilation of the hind tarsal 
claw (Brooks 1994). 
 Measurements of the basal dilation of the claw were taken from the field-collected 
Guatemala and California samples and compared to C. zastrowi specimens from other locations 
as well as to other carnea-group species.  
 The basal dilation of the claw was measured using the following protocol adapted from 
Henry et al. 2002. One metathoracic leg was removed from each specimen and then mounted 
onto a microscope slide. The cover slip was used to flatten or ‘splay’ the pretarsus. The claws 
were photographed using SPOT imaging software. The basal dilation and claw tooth were both 
measured using SPOT. Lines were drawn between A, B, and D (Figure 2). The value of basal 
dilation is given by AB/BD. 
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7 Songs 
 Morphologically identical populations of carnea-group lacewings are reproductively 
isolated by their courtship songs (Henry, 1983). Other studies have shown that courtship songs 
evolve before sexual isolation and postmating isolation (Gleason and Ritchie 1998). These songs 
are one of the most definitive characters for recognizing cryptic species of lacewings. 
 The mating songs of green lacewings are sexually monomorphic, meaning that both 
males and females of the same species share the same song (Noh and Henry 2010). These signals 
allow individuals to recognize mates of the same species. Multiple studies have shown that these 
songs impose strong premating reproductive isolation while postmating reproductive isolation in 
this group remains weak due to recent divergence time (Noh and Henry 2010; Wells 1993).  
 Lacewing courtship songs can be recorded in a laboratory. Lacewings placed inside an 
arena (usually a cardboard cup covered with plastic wrap) will vibrate as part of the acoustic 
exchange. A beam of light is directed at the substrate and its reflection is monitored by a non-
contact device such as an infrared optical microphone (Henry et al. 2013). These recordings are 
transferred directly to a computer where they can then be compared to the recordings of other 
lacewings.  
 Songs have a number of distinguishing characteristics. These include the duration of the 
song, the frequency (tone or pitch) of the song, and the length, number, and types of volleys. 
Figure 3 shows the recordings of field-caught C. zastrowi from Guatemala, India, and South 
Africa. 
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8 Phylogenetic Analysis 
8.1 Choosing an Outgroup 
 In phylogenetics, the outgroup serves as a reference for determining the evolutionary 
relationships of the ingroup and is used to root the phylogeny. The outgroup is known to be less 
closely related to the ingroup than the ingroup is related to itself (Farris 1982). Since the 
outgroup can affect the topology of the phylogeny, the outgroup should be chosen with care.  
 An outgroup that is too distant can cause the model of evolution to be misestimated. This 
is because the program that estimates the model of evolution attempts to find a compromise 
model that fits both the ingroup and outgroup. This is problematic if the model of evolution that 
fits the ingroup is drastically different from the one that fits the outgroup, because the 
compromise model does not fit either particularly well.  This situation can occur even in 
relatively closely related taxa when the ingroup is heavily sampled and the outgroup consists of 
only one or a few taxa (Jordan et al. 2005). 
 For this dataset, a too-distant outgroup was suspected. The initial outgroup contained 
three species in the Chrysoperla pudica-group. This group is morphologically very similar to the 
ingroup (the Chrysoperla carnea-group). The two species-groups differ from each other by a 
maximum of about 6% in their uncorrected p-distances. The p-distances measured among taxa 
within the carnea-group range from less than 1% to a maximum of 2.5%. Ordinarily, this would 
be considered a close outgroup but since there is so little genetic variation within the ingroup, the 
sampling is uneven and throws off the position of the root. For the dataset containing the distant 
outgroup, the model HKY+I+G was recommended by PARTITIONFINDER2. For the dataset 
containing only the ingroup, the model TrN+I+G was recommended.  
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 Lundberg (1972) proposed a solution to the problem of too-distant outgroups, where the 
ancestral taxon is added to a branch of an unrooted network to optimize the tree. This increases 
the overall tree length the least and increases likelihood and posterior probability the most 
(Jordan et al. 2005). This method requires computing an unrooted tree that consists solely of the 
ingroup taxa. Then, the outgroup, or hypothesized ancestor, is attached to the tree a priori to root 
it (Lundberg 1972).  
 Initial analyses including the distant outgroup resulted in tree topologies that were known 
to be incorrect. The New World and Old World clades, which are typically well defined in this 
group, were completely unresolved. Instead, analyses were performed without an outgroup, and 
the trees were rooted using midpoint rooting.  
8.2 Partitioning Data 
 The first step of analysis was to run the dataset in PARTITIONFINDER2 version 2.1.1. 
(Lanfear et al. 2012, Lanfear et al. 2016). To use PARTITIONFINDER2, an alignment file and pre-
defined data partitions are input. The program then tells you which model of evolution fits each 
partition the best. This is important when working with a dataset that includes protein-coding 
genes, since each codon position may fit a different model of evolution. Different genes may also 
fit a different model of evolution. For analysis of this dataset with PARTITIONFINDER2, each gene 
was partitioned. Additionally, first, second, and third codon position within each gene were also 
partitioned. PARTITIONFINDER2 suggested a total of four different partitions. It recommended 
GTR+G for the first codon positions of COI, ND2, and ND5 as well as the second codon 
position for COII. It recommended TrN+I+G for the second codon positions of ND2 and ND5. It 
recommended HKY+I+G for the third codon positions of COI, ND2, and ND5 as well as the first 
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codon position for COII. It recommended TrN+I for the second codon position of COI and the 
third codon position of COII. This partitioning scheme was used for the maximum likelihood 
analysis.  
8.3 Maximum Likelihood Analysis 
 Maximum likelihood (ML) phylograms were created using GARLI. Bootstrap percentages 
were obtained using 100 pseudoreplicates each. A bootstrap consensus tree was then created 
using SUMTREES. The trees were midpoint rooted in FIGTREE.  
8.4 Bayesian Analysis 
 Bayesian phylograms were created using MRBAYES. This program uses Bayes theorem 
and a Markov Chain Monte Carlo (MCMC) approach to calculate the posterior probability of the 
phylogenetic tree (Huelsenbeck and Ronquist 2001). The run was continued for 1 million 
generations and trees were sampled every 10,000 generations resulting in 100 trees. The first 
15% were considered as the burn in phase and the remaining 85 trees were summarized. The 
trees obtained were visualized using FIGTREE.  
Results and Discussion 
1 Morphology 
 The average ratio of basal dilation for the Guatemala-collected specimens was 3.78. The 
California-collected specimens averaged 3.64. There was substantial morphological similarity 
between all of the specimens examined.  
 C. zastrowi, C. calocedrii, and C. mediterranea all have basal dilations that fit this range. 
Previous recordings of C. zastrowi were in the range of 3.5 through 5.1, C. calocedrii from 3.7 to 
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5.17, and C. mediterranea from 4.0 to 9.0. However, C. calocedrii and C. mediterranea can be 
ruled out based off of other morphological characters, namely their conspicuous dark green color 
and their strict ecological associations with evergreens and conifers. Since these two conifer-
dwelling species are sufficiently different from C. zastrowi, we don't have to consider them for 
the purposes of this study. The morphological analysis suggests that the examined specimens 
belong to C. zastrowi. 
 The values of the basal dilation of the tarsal claw are consistent with previously recorded 
values of C. zastrowi. This morphological analysis rules out any other likely taxa, all of which 
have much larger basal dilations.  
2 Songs 
 Recordings of the songs of the specimens collected from Guatemala and California 
indicate that they belong to C. zastrowi. This analysis is based off of a number of distinguishing 
characteristics in the songs, including the duration of the song, the frequency of the song, and the 
length, number, and types of volleys. For all song features, the California and Guatemala 
specimens fell within the previously recorded range for C. zastrowi and outside the previously 
recorded range for all other carnea-group species. 
3 Maximum Likelihood Analysis 
 The maximum likelihood phylogram (Figure 4) clearly places the individuals collected 
from Armenia, Iran, and California with the species C. zastrowi (containing both subspecies but 
grouped with neither). The C. zastrowi group is supported with a bootstrap value of 74, 
  !24
indicating moderate confidence in that clade. The placement of the Guatemala individuals is less 
straightforward; in the maximum likelihood phylogram they appear as a sister group to the clade 
containing both C. zastrowi and C. lucasina as well as a scattering of C. heidarii, C. nipponensis, 
and C. agilis. The Guatemala-collected specimens are placed here with a fairly low bootstrap 
support value of 52.  
4 Bayesian Analysis 
The Bayesian phylogram (Figure 5) has a topology that is very similar to the Maximum 
Likelihood phylogram. The California, Armenia, and Iran specimens fall squarely with C. 
zastrowi: the clade is supported by a posterior probability of 1.00. The Guatemala specimens 
again appear as a sister group to a clade containing C. zastrowi, C. lucasina, C. heidarii, C. 
nipponensis, and C. agilis.
Conclusions 
 In both the Maximum Likelihood and Bayesian phylograms, there is a clear distinction 
between the Old World and New World groups. C. zastrowi is placed in the Old World clade 
along with European and Asian lacewings. It is possible that the C. zastrowi individuals collected 
in California were distributed to New World locations via human interference, especially 
biological control. 
 The poor resolution of the placement of the Guatemala specimens could have a few 
causes. For one, incomplete lineage sorting could be affecting the phylogenetic analysis. 
Incomplete lineage sorting occurs when gene copies fail to coalesce during the duration of the 
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species. Instead, lineages coalesce in an ancestral species. This results in different phylogenetic 
trees depending on which sequence is being examined (Rogers and Gibbs 2014). This effect can 
be particularly pronounced in groups where common ancestors are separated by a relatively short 
period of time.  
 Alternatively, the Guatemala-collected specimens could be hybrids of two carnea-group 
species. This is especially plausible if you consider that green lacewings are often bred en masse 
in insectaries, where multiple species could be artificially introduced to each other in conditions 
where hybridization would easily occur.  
 The California-collected specimens are well supported as members of C. zastrowi but due 
to low resolution it is impossible to tell if they belong to subspecies sillemi or subspecies 
zastrowi. This is notable because C. zastrowi has not been described with a New World 
distribution. It is possible that this species is expanding its range without human interference. 
Members of C. zastrowi are excellent dispersers, and suitable habitat is ample in California. 
Alternatively, they could have been introduced via biological control. This would mean that there 
need to be additional regulations and enforcement for the use of lacewings in biological control. 
Measures should be taken to prevent the spread of lacewings into unintended areas, which could 
have unpredicted effect on local ecologies. 
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Fig. 1. Map of Africa, the Middle East, and Southwest Asia showing the previously described 
geographic distribution of Chrysoperla zastrowi. Circles represent the subspecies Chrysoperla 
zastrowi zastrowi and squares represent the subspecies Chrysoperla zastrowi sillemi. 
Fig. 2. Pretarsal claw of a lacewing. The value of 
basal dilation is calculated by AB / BD.
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Fig. 3. Recordings of field-caught C. zastrowi from Guatemala, India, and South Africa.
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Fig. 4. ML (partitioned by gene and codon position) phylogram. ML bootstrap values less than 50 are 
excluded.
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Fig. 5. Bayesian MCMC phylogram. 
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Table 1. Primers and cycling conditions used in this study.
